The computer codes Sixtrack and Dimad have been upgraded to include realistic models of proton scattering in collimator jaws, mechanical aperture restrictions, and time-dependent fields. These new tools complement longexisting simplified linear tracking programs used up to now for tracking with collimators. Scattering routines from STRUCT and I C ? have been compared with one another and the results have been cross-checked to the FLUKA Monte Carlo package. A systematic error is assigned to the predictions of cleaning efficiency. Now, predictions of the cleaning efficiency are possible with a full LHC model, including chromatic effects, linear and nonlinear errors, beam-beam kicks and associated diffusion, and timedependent fields. The beam loss can be predicted around the ring, both for regular and irregular beam losses. Examples are presented.
INTRODUCTION
The collimation system of the LHC [I] requires an excellent cleaning efficiency in order to avoid quenches of the super-conducting magnets. Various numerical tools used for prediction of cleaning efficiency were compared. The programs include generation of a primary heam halo, scattering of high energy protons through material and tracking of beam halos in the storage ring. The degree of agreement between different codes is discussed. Differences are used to assess possible systematic e n o n .
SCATTERING CODES
The physics of proton scattering in the material of collimator jaws has been implemented in various computer codes. The scattering routines track the protons through some length of a given material having them interacting with the proper cross-sections. The protons receive transverse kicks As,, 40, and offsets 4 z , Ay and some momentum loss 6 = 4pJpo. Note that a full shower calculation is not required for predicting the cleaning of "primary" beam protons. The primary protons in the LHC have energies from 450 GeV at injection to 7 TeV at top. The scattering routines must correctly describe the interactions over the full range of energies, allow for different jaw materials, and include the correct jaw geomehy, as protons impact at very close distance from the edge of the jaw. A test case was defined A 7 TeV pencil beam with zero angle (y' = 0 ) impacting y = 1 pm from the edge of a 0.5 m long vertical collimator, made of Cu. The changes in particle offsets, angles and momentum were recorded. The comparison of the different scattering routines shows good agreement, Fig. 1 . Note that for FLUEL4 a 6.8 TeV energy cut was used. A probability function d N / ( d x N o ) is intro-duced with No being the number of protons impacting on the jaw. Only a fraction of protons "survive" the passage through the jaw, the others are fragmenting. The results shown here refer to the horizontal plane which is symmetric contrary to the vertical plane where the I pm impact parameter introduces a pronounced asymmetry. The symmetry in the horizontal plane allows more easy interpretation of the effect on cleaning efficiency.
The differences in the results were analyzed in detail. It was found that the momentum loss shows a variation of f 15% between different codes which is used to assign a systematic error on this observable. Large scattering angles and offsets exhibit differences of up to a factor of 3, as visible in Fig. 1 . The large angle probabilities (above 25 p a d ) affect cleaning efficiency and were approximated by fitting them, as shown in Fig. 2 :
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TRACKING WITH COLLIMATORS
Halo cleaning is a multi-tum process. Particles can have multiple interactions in collimatorjaws and in addition can perform many turns between subsequent hits of a collimator jaw. Speed requirements are important: The target cleaning efficiency -requires large particle ensembles (lo5 -lo6) that must be tracked for many tums (20-1000). Several tools have been set-up, each with specific advantages and limitations.
Colltrack with K2
Historically the design of the LHC collimation system relies on the K2 scattering procedure and linear transfer mamces (obtained from Twiss functions calculated with MAD). Recently 
Sixtrack with K2
The Sixtrack program [6] A highlight of Dimad is the possibility to study beam loss distributed in an aperture. An example radial aperture R=2 cm was set at all drift entrances.
Since in reality the chamber geometry varies along the ring and the losses do not occur in one point, the exact permeter occupancy cannot he found in this way. One can however estimate losses over large sections of the ring, and such were chosen to be: the two collimator occupied sections in !R7 and IR3, the Right Dispersion Suppressor in IR7 (RDS'I), the IP6, the high-beta P -s (IP8,1,2,5) and all the arcs. The resulting losses are summarized in Table 1 . It is seen that at collision no panicles reach the arcs and a fraction 4 .
reaches high-beta locations in the E'-s.
Here, however, the real chamber size will be larger. More detailed studies are underway.
COMPARING INEFFICIENCY
The cleaning efficiency for the 7 TeV LHC has been studied in detail with the linear Colltrack(K2) code and Dimad The scattering routine could explain a factor of about 1.3.
The rest is due to the more realistic Dimad tracking of offmomentum particles.
At injection Sixtrack predicts a 3 times larger inefficiency than Colltrack, relying on the same K2 scattering 
CONCLUSION
A number of numerical tools have been set up to predict the LHC cleaning efficiency. They rely on different scattering routines that transport the protons through the collimator jaw. These routines show discrepancies of up to a factor of three for large angle scattering. This can amount to changes of up to 30% in predicted cleaning inefficiency.
In addition variations of up to 1 1 5 % are seen in the predicted momentum loss, with resulting systematic errors of f7% in inefficiency.
The direct comparison of predicted cleaning inefficiency, however, shows more important differences. It is seen that the simplified linear tracking underestimates cleaning inefficiency by a factor of 2 to 3. The more accurate tracking in Dimad and Sixtrack finds larger inefficiencies. In addition, Sixtrack includes realistic LHC errors (coupling, orbit, non-linear field errors). The errors moderately increase the inefficiency. Note that the imperfections in the Sixtrack study did not include imperfect set-up of the collimation system.
The Dimad program was used to analyze the distribution of losses around the ring. It was shown that less than of the primary halo is lost in the high-beta insertions. A more accurate model of aperture is expected to show even smaller losses.
The overall agreement in the results is quite reasonable.
The available tools can be employed with decent certainty in the reliability of results, choosing the most appropriate tool for a particular study.
